Introduction
The extensive amount of waste generated by various industries and human activities has made the disposal of solids waste a major problem around the world.
The sustainable usage of waste materials in geotechnical engineering applications has considerable social and economic benefits to industrialized and developing nations.
Simultaneously, shortages of natural mineral resources and increasing waste disposal costs have brought added significance to the recycling and reusing of solids wastes in recent years (Landris 2007; Aatheesan et al. 2010; Arulrajah et al. 2011a; Arulrajah et al 2012a; Disfani et al. 2011; Hoyos et al. 2011 ).
Reuse of waste materials sustainably in civil engineering applications such as in roads, pavements and footpaths will reduce the demand for scarce virgin natural resources and simultaneously reduce the quantity of waste material destined for landfills (Ali et al., 2011; Disfani et al. 2011; Hoyos et al. 2011; Arulrajah et al. 2012b; Imteaz et al. 2012 ). This subsequently leads to lower carbon footprints compared to that when using traditional quarried materials (Disfani et al. 2012 ). The usage of waste materials in road works offers a solution which can minimize various waste streams ending up in landfills while reducing the demand for scarce virgin quarried materials (Wartman et al. 2004; Poon and Chan 2006; Tam and Tam 2007;  M a n u s c r i p t
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4 dry tons per annum. In the state of Victoria alone 67,000 dry tonnes of biosolids are produced annually and stockpiled in various wastewater treatment plants (DNRE 2002) . Loosely deposited biosolids are bulky and take significant space for storage.
These biosolids stockpiles are increasing annually with the population growth in
Melbourne and the state of Victoria in Australia. A similar situation is envisaged in other major cities around the world in many developed and developing countries and as such sustainable usage options for these vast biosolids stockpiles are urgently sought. The type of waste, treatment process and age of the biosolids/sludge vary plant to plant and around the world (Stone et al. 1988) and has a strong effect on the engineering characteristics of the final biosolids product. This is a limitation on the usage of biosolids as a thorough characterization is required to consider the variation of biosolids properties from plant to plant and even in within the same plant.
Road, wastewater and government authorities in Australia are currently exploring the potential reuse option for biosolids as a structural fill in road embankments (EPA Victoria 2009; VicRoads 2007) . The local road authority in Victoria (VicRoads) has suggested requirements for using biosolids in road embankments. For instance the maximum allowable thickness of only 1 m of biosolids is permitted in road embankments. Other guidelines imposed are the requirements to stabilize biosolids to meet minimum CBR value of 2%, placement above design flood levels and requirement for biosolids not to be placed within 1 m of the subgrade level (VicRoads
2007, VicRoads 2006).
There is therefore an urgent need to thoroughly characterize the specialized geotechnical parameters of wastewater biosolids to better understand their consolidation, shear strength and hydraulic conductivity properties. To fill in the current knowledge gap on the geotechnical and geoenvironmental characteristics of Journal of Materials in Civil Engineering. Submitted March 25, 2012; accepted November 19, 2012 ; posted ahead of print November 21, 2012. doi:10.1061/(ASCE) MT.1943-5533.0000739 Copyright 2012 by the American Society of Civil Engineers M a n u s c r i p t Results were analyzed and compared with characteristics of naturally occurring organic soils and also road authorities' requirements on usage of biosolids in embankment fills to provide a basis and framework for potential users of biosolids in road works especially embankment fills. This paper reports on the comprehensive laboratory evaluation of the geotechnical properties of wastewater biosolids and is intended to assist end users, designers, consultants and contractors alike on the geotechnical properties of the wastewater biosolids for its consideration as a fill material in road embankments.
Review of Past Studies
The important geotechnical parameters in the design and analysis of wastewater biosolids as a fill material include compaction, consolidation, hydraulic conductivity and shear strength parameters. The modified proctor compaction and the large scale direct shear tests were conducted to establish strength and compressibility characteristics of both solid waste and the mixture of the solid waste with biosolids and the lime sludge. Laboratory tests showed that, lime sludge had more inherent shear strength than biosolids. Kocaer et al. (2003) have reported on the use of fly ash as an additive in the stabilization of biosolids and sludge in Turkey. 
Experimental Study Results
Sampling of the biosolids was carried out from the top of three existing biosolids stockpiles (S1 to S3) at the wastewater treatment plant. The characteristics of biosolids in the stockpiles could vary naturally or could vary during the life of stockpiling. This is because moisture could migrate due to gravity or loss due to evaporation when exposed to the atmosphere for long durations. However reuse of biosolids without treatment requires biosolids with comparatively low moisture content. In the field, biosolids will undergo a certain degree of air drying process prior to stockpiling and subsequent use as fill materials. This air drying process will ensure that the biosolids used as fill materials are fairly uniform, in terms of having a low moisture content, which will ensure workability and uniformity of the biosolids when used in embankments. In addition biosolids are mixed in their preparation when used as embankment fills. Therefore the biosolids samples were taken from several locations at the top of the stockpiles and mixed to obtained representative biosolids 
Index and Classification Tests
The natural moisture content of biosolids was found to vary between 48% and 57%. The moisture content was determined on the basis of the oven dry mass corresponding to a drying temperature of 50 o C instead of the standard drying temperature of 105 o C. This was to prevent drying and charring of the organic matter in the biosolids.
The specific gravity of biosolids was measured using the small pyknometer method and was found to vary between 1.75 and 1.79 which is lower than that of natural soils. Kerosene was used instead of distilled water as the density fluid in the pyknometer; to prevent dissolving of biosolids during the tests.
Atterberg limit tests were carried out on air-dried biosolids to determine their plasticity characteristics. The liquid limits (LL) of biosolids ranges between 100% and 110%, while plastic limit (PL) of biosolids ranges between 79% and 83%. The plasticity index (PI) was found to vary between 21 and 27. The plasticity chart for the biosolids is presented in Fig. 1 which suggests that the LL of biosolids exceeds those M a n u s c r i p t
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9 of highly plastic clays or other organic materials. Based on the Atterberg limit test results and also the behavior of material during plastic limit and liquid limit tests, it was concluded that the fine fraction of biosolids material largely comprises of organic silt-sized particles. The biosolids can therefore be classified as organic silt of medium to high plasticity according to both USCS and Australian Soil Classification System (ASTM 2011; Standards Australia 1993) . This is despite the fact that around 50% of particles are coarse particles (between 0.075 to 2.36 mm in size) as shown in Table 1 .
It is believed that although these particles are categorized as coarse particles, in reality they are smaller silt size particles that have adhered and attached together during the long term stockpiling of biosolids. This is in lieu of the fact that the dispersing agent solution was prepared and 24 hrs soaking period was allowed for all samples before particle size distribution test started.
The particle size distribution tests comprised of sieve analysis and hydrometer tests performed on six different biosolids samples obtained from three stockpiles S1 to S3) using the ASTM (2007) test method. Based on the gradation curves shown in Fig. 2, the particle size distribution contents of the biosolids samples along with their coefficients of uniformity and curvature were calculated and the average values are reported in Table 1 . Fig. 2 also suggests the wide distribution of particle sizes in biosolids material from clays size particles to coarse size sand particles.
The organic content was measured by igniting dry powdered biosolids material in a muffle furnace at a temperature of 440 o C and was found to be approximately 27%.
Ignition loss is an indirect measure of the organic content of the dry specimen mass.
Compaction Tests
Results of standard and modified proctor compaction tests (on two samples from each stockpile; S1 to S3) on air-dried biosolids material are summarized in Table 1 . 
Bearing Capacity
The California Bearing Ratio (CBR) test is a widely used and adaptable penetration testing method for engineering materials. The CBR value is an indirect measure of shear strength and is extremely dependent on water content and level of compaction (Head 1994) . CBR test specimens were compacted using both standard and modified compaction energy and were then soaked in water for four days under a 4.5 kg surcharge. The CBR test results of untreated biosolids along with swell percentages are summarized in Table 1 which is far below those of natural occurring clay.
The local road authorities require a minimum CBR value of 2% for engineering materials in fill applications (VicRoads 2008) . The low CBR results of the biosolids studied in this research indicate their high compressibility potential and imply that untreated biosolids have insufficient bearing capacity to be used without stabilization in engineering fill applications.
Hydraulic Conductivity
Untreated biosolids samples were mixed to the optimum water content, compacted under standard compaction effort and subsequently falling head permeability test were undertaken on the biosolids. Two different samples from each of the three stockpiles were tested. Samples went through a vacuum and saturation phase before recording M a n u s c r i p t
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11 the test data. The readings were continued for 3 continuous days to ensure consistent results are obtained. The results indicated a little variation in the hydraulic conductivity of the compacted biosolids from different stockpiles. The average hydraulic conductivity of biosolids is shown in Table 1 which is slightly higher than those of natural occurring clay but still is considered low to very low and indicates that biosolids have poor drainage characteristics (Head 1994).
Compressibility Characteristics
The oedometer 1-D consolidation tests with a 63.5 mm diameter oedometer cell were undertaken on three biosolids specimens compacted with standard compaction effort prior to consolidation. The duration of primary consolidation test was fixed as 24 hrs for each loading stage. The selected vertical stress levels were 50, 100, 200, 400 and 800 kPa. The oedometer consolidation test results are summarized in Table 1 .
The variation of void ratio of biosolids samples with the applied vertical stress is presented in Fig. 4a Table 1 insinuate that the compressibility of biosolids can be considered high according to the classification proposed by Head (1994).
Creep tests with the same level of applied stress, but with load duration of 7 days, were also performed on untreated biosolids samples. Test results as shown in Table 1 indicate that the secondary compression index increases from 0.004 to 0.018 with increasing applied stress. A comparison of these values with those presented by M a n u s c r i p t
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12 Lambe and Whitman (1969) indicates that untreated biosolids show behaviour similar to normally consolidated clays regarding their secondary compression index.
Shear Strength Characteristics
An extensive suite of shear strength tests including laboratory vane shear, direct shear and triaxial shear tests were undertaken on untreated biosolids samples to determine their shear strength characteristics. The results of the various shear strength tests are discussed below and presented in Table 2 .
Field vane shear tests
The basic theory and the principles of laboratory vane shear test are similar to those of the field vane shear test (Head 1994 The untreated biosolids samples from all three stockpiles were compacted inside the compaction molds A and B to achieve the maximum dry unit weight using standard Proctor compactive effort. All samples reached a density ratio of 100± 2 % as the result of compaction. Although mold A satisfies ASTM requirement for the distance between the vane and the outer edge of the sample, but specimens compacted in mold B were also prepared to make sure the size of mold does not have a noticeable effect on the undrained shear strength (ASTM 2005) . The compacted specimens were sealed and left for another 24 hours so the pore water pressure inside Table 2 presents the results of field vane shear test conducted on biosolids samples. The undrained shear strength from the vane shear tests was found to vary from 136 to 152 kPa, indicating they are very stiff after compaction. These values sound similar to those of over consolidated clays with high over-consolidation ratio.
Direct shear tests
Strain controlled direct shear tests were conducted on the biosolids samples. The samples were compacted inside the compaction mold at optimum water content by using standard Proctor energy. Circular samples with the diameter of 73 mm were extracted from the compacted samples and placed inside the shear box. All test specimens reached 100±2% maximum standard dry unit weight. It has been recommended that the normal stress applied to the specimens in a set of tests should generally bracket the maximum stress likely to occur in the ground (Head 1994).
Accordingly three successive normal stress ranges of 30-120 kPa, 60-240 kPa and 120-480 kPa were applied to the specimens. Specimens were allowed to consolidate under the selected normal stress for a period of 24 hours under the saturated condition. Then, a strain controlled shear phase with the speed of not larger than 0.005 mm/min was applied to samples to ensure shearing is conducted under drained condition. The shear phase was continued for sufficient time so the specimens reached failure/peak shear stress point and then fell to a residual stress level. Fig. 5a shows that for all normal stress levels the shear stress gradually reaches a peak value and then falls to a lower value. With the increase of normal stress the horizontal deformation at peak shear stress also increases. The horizontal deformation versus vertical deformation curves of all five specimens are also shown in Fig. 5b . Fig. 5b suggests that for samples tested with 120 n kPa there is a contraction effect at the beginning of the tests followed by a dilation effect which is similar to the typical behavior of over-consolidated clays. On the other hand for samples tested with 120 n kPa the dilatation effect occurs throughout the entire shear phase which is a typical behavior of normally consolidated clays. Using the Mohr-Coulomb envelopes the internal friction angles and cohesion of biosolids were obtained at different normal stress ranges and presented in Table 2 . Table 2 indicates that with increase in normal stress level the internal friction angle of biosolids decreases from 47° down to 37° while cohesion increases from 17.2 kPa to 60.1 kPa which are similar to the shear strength parameters of medium to highly over-consolidated clays. The high values of friction angle obtained for compacted biosolids are believed to be due to the high content of coarse particles (about 50%) of aged biosolids.
Triaxial shear tests
A series of Consolidated Undrained (CU) triaxial shear tests were performed on the untreated compacted biosolids samples. Among the three different methods of conducting triaxial test, the CU method is more common for fine material with low hydraulic conductivity. The tests were performed at five confining stress levels of 30, 60, 120, 240 and 480 kPa following the test method specified by ASTM (2004). The 50 × 100 mm (diameter × height) samples were compacted inside the split mold in five layers using a rubber-tipped tamping rod to achieve the desired dry unit weight.
All test specimens were compacted to at least 100±2%% of maximum dry unit weight Fig. 6a shows the deviator stress versus axial strain and Fig. 6b illustrates the pore water pressure change against axial strain for compacted biosolids. Fig. 6a suggests that for all confining stress levels, the deviator stress gradually reaches a peak value and then falls slightly to a lower residual value. The rippling pattern of the deviator stress graph is due to the rolling effect of the membrane. In soft soils, the rolling effect of the membrane causes additional strength gained by each rolling step. The pore water pressure change-axial strain curves for samples tested with Table 2 . These values were obtained by drawing the linear Mohr-Coulomb envelopes tangent to three consecutive Mohr circles and found to be similar to values related to overconsolidated clays. Fig. 7 shows all five Mohr circles obtained for biosolids sample using the effective stress values. The Mohr-Coulomb envelopes are drawn for the three consecutive stress levels.
The internal friction angles and cohesion values presented in Table 2 suggest that similar to the direct shear tests, the internal friction angle decreases slightly with increasing the effective confining stress level while the cohesion increases. The average internal friction angles obtained for compacted biosolids samples through Victoria 2004) . EPA Victoria classifieds biosolids contaminants as 'Grade C 1 ' or 'Grade C 2 ' based on BCC. If BCC is below C 1 limit, the biosolids are defined as safe and can be used without any restrictions. If BCC was found to be above C 2 limit, the biosolids are defined as unsafe and are not allowed for land application. However, if the contaminant concentration is within C 1 and C 2 limits, biosolids can be used following some specified guidelines. From Table 3 it is evident that all the samples tested showed contaminants below C 2 . DDT and Organochlorine Pesticides could not 
Biosolids in Embankment Fill Applications
Results of geotechnical and environmental experiments presented in this paper provide a basis for assessing the suitability of using untreated biosolids in embankment fill applications.
Shear strength results indicate that compacted biosolids (even using standard Proctor energy) have high shear strength characteristics similar to that of medium to highly over-consolidated clays. Hydraulic conductivity values lower than 10 -7 m/sec implies that the compacted biosolids have low to very low permeability.
Environmental tests indicate that contaminant levels are within the safe level for a material to be used in embankment fills. Although these parameters along with suitable particle size distribution at first instance may seem to indicate the suitability of untreated biosolids for usage in embankment fills, the compressibility of biosolids These results suggest that in any future study on suitability of using biosolids in road works the investigation should be divided into four phases in order to minimize time and costs. In the first phase, classification tests (particle size distribution and Atterberg limits) should be conducted followed by standard compaction test. In the second phase, the compressibility potential of biosolids should be investigated through CBR and odometer tests. Only if the results of these two phases indicate that biosolids have the potential to be used in embankment fills then the third more complex and costly phase should be undertaken. This third phase would include tests such as hydraulic conductivity and shear strength tests. In the fourth phase the environmental risks of using biosolids in roads should be evaluated by conduction total and leachate concentration tests for a range contaminates specially heavy metals.
If there were any concerns or possible risks with possibility of leaching contaminated leachate from biosolids layer, the design of embankment fill should provide appropriate provisions such as always using biosolids above the design flood level and confine the biosolids layer in a layer of geomembrane or impermeable clay liners (EPA Victoria, 2009).
Long term settlement of the biosolids in embankments can be predicted from computations of primary consolidation settlement, secondary consolidation settlement and long-term biodegradation settlement based on the properties of biosolids determined from the laboratory evaluation. Primary and secondary consolidation settlement of the biosolids can be determined based on the results of the oedometer consolidation tests in Table 1 . Biodegradation settlement can be computed by the empirical methods proposed by Park and Lee (1997) or Chakma and Mathur (2007) .
These empirical methods for computation of long-term biodegradation settlement of M a n u s c r i p t
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19 biosolids in embankments require additional input parameters for temperature, pH and electrical conductivity of the biosolids. These required input parameters for computation of long-term biodegradation settlement for the biosolids are presented in Table 6 .
Discussion
The biosolids samples from the wastewater treatment plant were classified as equivalent to organic fine-grained soils of medium to high plasticity with a group symbol of 'OH' according to USCS. The biosolids samples were found to have high moisture content, liquid limit and plasticity indices that are comparable to commonly found organic soils in nature. The specific gravity of biosolids was found to be substantially less than that of natural inorganic soils. The compaction tests results standard compaction effort, is lower than that of the typical compacted clays while the optimum moisture content of the biosolids is higher than that of the typical clays, due to their high water absorption capacity. The undrained cohesion and drained friction angle of the biosolids is seen to meet the requirements of typical compacted clays in the field. Hydraulic conductivity of the compacted biosolids is low. The CBR value of the untreated biosolids is low and will have to be stabilized with an additive or blended with a high quality material to increase the CBR to values specified by road authorities, which are typically in the range of 2 to 5.
In regards to the environmental characteristics of biosolids, the heavy metals and other prime contaminants as well as the biological contaminants were found to be within the safe limits specified by EPA Victoria (2009) for usage in geotechnical fills.
With regards to contaminants containing nitrogen, phosphorus and total organic carbon, biosolids require special protection, in the event there is potential leaching/flow to adjoining water bodies.
Conclusions
Wastewater biosolids samples collected from a wastewater treatment plant in the state of Victoria in Australia were tested to investigate their geotechnical and geoenvironmental characteristics. Classifications, compressibility, shear strength and contaminant concentration tests were undertaken on several specimens from various stockpiles.
The test results suggested that while compacted biosolids specimens show high shear strength properties, the main issue would be the high to very high potential of untreated biosolids to deform (settle) under applied loads in both the short term and long term. This high potential to deform makes biosolids, in its untreated form, unviable for road work applications such as embankment fills. Biosolids as such will Journal of Materials in Civil Engineering. Submitted March 25, 2012; accepted November 19, 2012; posted ahead of print November 21, 2012 . doi:10.1061 /(ASCE)MT.1943 Copyright 2012 Cryptosporidium & Giardia <1 
